t,' The development, recession, and residua of posttraumatic epilepsy follow natural laws that are imperfectly defined. However, studies from World War I, World War II, the Korean conflict, and the Vietnam War demonstrate the following patterns: 1) The onset of seizures is significantly related to local brain destruction and its location, and to diffuse brain damage, reflected by alteration in consciousness.
~HE relation of craniocerebral trauma to conrecognized vulsive seizures was clearly by Hippocrates (460-357 BC) in his treatise "Injuries of the Head," for he noted that a wound of the left temporal region would cause convulsions on the right side of the body, and vice versa. 32 However, the complexity of this relationship is not yet understood. Physicians of the Renaissance made careful observations on head trauma in both acute convulsions and chronic epilepsy. 82 John Hughlings Jackson in the 19th century added precise details for the association between wound location and attack pattern, sl Penfield and his associates extended Jackson's concepts, 2~ and provided a scholarly appraisal of the meningocerebral cicatrix as the cause of the discharging lesion. 21 A host of astute physicians and surgeons have recognized a variability in the head-injured patient toward the development of seizures. 16,19,2e,4~ The means to a more complete understanding is tedious, time consuming, and costly. One needs a relatively large cohort of head-injured subjects who can be followed for at least a decade to provide an appreciation of the natural course of the disorder. The use of animal models, although helpful in understanding selected facets of the problem, is hampered by a difference in craniocerebral configuration which results in a difference in response characteristics to physical impact when compared to man, and by the extreme difficulty in producing seizures in lower animals by physical trauma. Posttraumatic epilepsy is an affliction of man and as a clinical entity must be Through the completion of Registry Forms, subjects were selected for future study. The injured received definitive care within an average of 6 hours after injury. The Forms, four-fifths of which were completed by personnel trained in neurological surgery, provided a uniformity of assessment of the initial neurological status, particularly as regards level of consciousness, and in location and extent of craniocerebral damage, not previously recorded in military or civilian populations of head-injured patients. After the identified men returned to the United States, their Military and Veterans Administration Hospital records were assembled by the Medical Follow-up Agency of the National Research Council. These records, along with the Registry Forms, were then reviewed by a team of neurologists and neurological surgeons, the pertinent data being stored on magnetic tape. This activity began in July, 1976, with the support of NINCDS, NIH, and to date (July, 1978) there are 1030 cases on tape, and their analyses have begun. A profile of the injuries is set forth in Table 1 .
With the results of the Vietnam War becoming available, it is thought worthwhile to abstract the consistent findings from these and previous data to provide an outline of the phenomena of posttraumatic epilepsy, as known today, and to suggest what is considered essential in future investigations.
Characteristics of the Seizure

Latency in Onset
Attacks may occur within moments of injury or be delayed for 20 years or longer. 1~ This distribution in time is not random, but follows a consistent pattern. 6,2g' s7 The curve of new cases of epilepsy is at first steep, then levels off at 1 or 2 years (Fig. 1) . Various authors, in reporting the military experience, have indicated that 40% to 50% of the new cases occur by 6 months, 70% by 1 year, and 80% by 2 years. The steepness of this curve is influenced by the severity of the injury and by the duration of the follow-up period. When stated more precisely as monthly rate of new epilepsy cases, 7% to 9% of the injured have their first seizure within the first month, with the rate falling to 2% to 3% for the next 6 months, and 1% or less thereafter (Fig. 2) . Within this distribution, another division is now clearly recognized 15' s9' 4~ that is "early," meaning within the first week, and "late," meaning all those cases having their first seizure beyond 7 days after injury. Not only is there a greater number of cases appearing in the first than in the succeeding several weeks, but the seizures in the first week are less precisely related to the agent or depth of injury than those appearing beyond 1 week? ,~~ The attack frequency varies within a wide, but graded range. There may be but a single seizure, or two or three. There may be 20 or 30 scattered over a 10-year period, or there may be so many attacks that they defy an accurate count. In the Korean series, each of these groups comprised about one-third of those who developed seizures 6 (Fig. 3) . Once established, there is little change in the attack frequency.
Duration of Seizure
As some men are developing their first attack, others are experiencing their last. Cessation, like onset, of attacks is a dynamic process. To provide an overall perspective, the cumulative onset was correlated with the cumulative cessation in the series from the Korean campaign (Fig. 1) . The increase in cumulative onset was at first greater than that for cessation, but, after a period of 1 ~/~ years, these trends were reversed to a modest degree. From the fifth year the onset and cessation remained approximately parallel. The difference at any given period represented the number of men still having seizures or the prevalence of active cases at that time after injury. Based on a 10-year follow-up review, attacks ceased in terms of abatement for 2 years from the first day to the eighth year after injury. In this sense, attacks ceased in just over half of the men. This is consistent with figures reported for other series? 9 '7 Relationship between Latency, Frequency, and Duration Formerly, it was erroneously thought that early seizures carried little probability of persistent attacks.1 Jennett's civilian series 1. showed that 25% to 35% of those having early seizures also have late attacks. Similarly, in the current Vietnam series, over half of those having seizures within the first week persisted in having them. There is a highly significant relationship between the frequency and the duration of seizures: the greater the frequency the greater the probability of persistence. 6,89 Further, an increasing number of attacks in successive periods following injury is related to an increasing probability of persistence.
Attack Pattern
Because the clinical expression of the individual attack depends upon the region from which the epileptic discharge originates plus the rapidity and extent of its spread, a wide variety of seizures is possible. Focal attacks alone appear in approximately one-quarter of epilepsy cases; focal attacks progressing to or occurring in conjunction with general attacks in about 
Characteristics of the Injury
Depth of Injury
There is a highly significant relationship between the degree of focal brain destruction and the liability to seizures. This has been noted by Credner, 11 Ascroft, 1 Denny-Brown, ~2 Walker, 8e Russell, ~ Phillips, 24 Jennett, 14 and Caveness, 6 both as regards penetrating injuries and in the focal damage, or "areal density," in closed injuries. The same holds true for the Vietnam series: 27.9% developed epilepsy after penetration limited to a single lobe; 43.7%, when the penetration involved multiple lobes. Within the latter, the through-and-through injuries had a seizure incidence of 58.6%. An exception to this relationship are those seizures that develop within the first week (Table 2 ). 7' 40
Loss of Consciousness
Loss or alteration of consciousness is the most reliable clinical indicator of diffuse brain damage. It has been the general experience e,14,87 that when focal damage is associated with prolonged loss of consciousness the liability to seizure is enhanced. This is borne out by the Vietnam data, 7 and this factor operates in early as well as late seizures (Table 3) .
Location of Injury
The complexity of forces acting upon the brain when the head is struck makes it difficult to adjudge the exact location of the injury playing a part in the subsequent attacks. It may well be more widespread than formerly thought. Injury to any part of the brain may result in seizures, but the incidence is significantly greater when the damage is in the regions adjacent to the central sulcus than at either pole.l'~'37 Russell and Whitty, '~ in a careful study of penetrating injuries of limited depth, stressed the importance of injury to the parietal lobe. Within these characteristics of the injury, the amount of brain The nature of posttraumatic epilepsy destruction was by far the most significant factor according to a regression analysis of multiple factors by Caviness 1~ in a series of head injuries among Germans in World War I.
Complications
It is reasonable to consider hemorrhagic and infectious complications as well as multiple surgical procedures as extending the degree of brain destruction, rather than being specifically epileptogenic.
Characteristics of the Individual
The genetic make-up of the brain is quite probably more important than formerly believed, both as to its reaction to injury, and to its tendency to the development of seizures. Kristiansen, et al., 18 commented, "A brain injury which may give rise to epileptic attacks in one patient may pass unnoticed or as a rapidly forgotten episode in another." Penfield TM noted, "Through trauma the brain may be injured by contusion, laceration, compression, and it is well known that these insults may result in epilepsy after a 'silent period of strange ripening.' That period lasts for months or years, but these insults produce epilepsy in the case of one individual and not in the case of another. When there is widespread injury of a man's brain, epileptic discharge may develop in one area of that brain and not in another. Our attention should therefore be directed toward the discovery of this mysterious difference. What happens during the ripening period of A who develops fits? Why does it not happen during the same period to B who does not develop fits? What influences A adversely? Or, perhaps, what influences B favorably?"
Essential Mechanisms
The concepts of the mechanisms operating in posttraumatic epilepsy have evolved with the advancing knowledge of the pathology of head injuries, 4,8 and that of brain function in biochemical as well as electrophysiological terms. ~ It seems evident that different mechanisms are operating in focal injuries alone from those in focal injuries accompanied by diffuse injuries. The factors operating immediately after injury, during the metabolic flux of the acute reaction to injuries, must be different in part from those operating during the apparently stable period beyond 1 year. For this presentation only two mechanisms will be noted: the epileptogenic focus, which has received the greatest attention in the past, and the constitutional tendency, which may warrant the greatest attention in the future.
The Discharging Lesion
The most important work on the epileptogenic focus, and certainly the clearest framework for ultimate understanding, has been provided by Penfield and his associates. ~~ ~a They found that the local aberrant activity arose from areas of brain parenchyma adjacent to all manner of scars, cysts, abscess formations, chronic hematoma, and other pathological residuum from trauma. An optimum site was next to a meningocerebral cicatrix. The appearance of the cells in the discharging zone, with destruction or sclerotic alteration in neurons, phagocytosis by neuroglia, disappearance of oligodendroglia, and multiplication and fibrillation of astrocytes, prompted the conclusion that the hyperirritability was the result of long-continued subtle injury, possibly from mechanical stress but most likely from altered blood supply. The nature of the epileptogenic zone was given another dimension when Tower and Elliott a4 demonstrated a "biochemical lesion" in the areas with the electrical and morphological changes just described. The principal defects were in acetylcholine, glutamic acid, and potassium metabolism) 3 A finer definition of the epileptogenic focus was afforded by the study of individual neurons. Schmidt, et al.? ~ demonstrated abnormal, high-frequency bursts of electrical activity from single cells in the epileptogenic zone. They attributed this autonomous activity to a relatively enduring dendritic depolarization, with a resultant difference in potential between cell body and dendritic network. They thought this was due to changes in the dendrites from the mechanical stress of scar tissue. Ward 88 extended these observations, with more detailed study of the function of the "epileptic neuron." A more recent, intriguing concept concerns the function of glia in buffering the extracellular space around neurons and presynaptic terminals against increase in K + and CO~. Following injury, the changes that occur in gliosis may impair glial control of acidbase balance and lead to an excessive excitability of adjacent neurons. ~ But, as Penfield 19 very significantly noted, these changes do not provide the full explanation.
Multifactorial Genetic Traits
Although genetic or predisposing factors have been assumed to be significant additions to the severity of injury in the causation of posttraumatic epilepsy, the attempts to demonstrate a genetic influence have been inconclusive. It now seems clear that there are multifactorial traits that must be considered in judging an individual's susceptibility to seizures in general. Moreover, these genetic traits must be considered as interacting with multiple environmental factors. The principles for this are set forth by Carter 5 and Nova and Fraser TM in their consideration of developmental anomalies, such as cleft palate and spina bifida, and metabolic disorders, such as diabetes and rheumatic fever. Metrakos 17 has put this succinctly with regard to seizures, and has provided a schematic representation of the theoretical distribution of liability in the general population. Against this background, one can W. F. Caveness, et al. appreciate such added influences as Mendelian disease, chromosomal disease, or those influences from the environment, such as hyperpyrexia, shifting more of the population beyond the threshold for convulsive disorder. It is pertinent that beyond the threshold there remain different degrees of susceptibility. If we include craniocerebral trauma as a significant environmental factor interacting with the existing genetic traits, we can visualize the effect in an elaboration of Metrakos' schema (Fig. 4) .
MULTIFACTORIAL CRANIOCEREBRAL -P, LUS -IN H ER ITAN C E
This attractive but not yet proven hypothesis is supported by inference from clinical experience. Evidence for the graded distribution of the genetic trait in the population at risk is afforded by: 1) The occurrence of seizures over a 10-year period ranges from none in 70% to a few in 10%, many in 10%, and to a number that defy an accurate count in 10%; 6 2) Of those seizures that occur, one-half stop, one-quarter may be controlled, and one-quarter are intractable; e 3) Cessation, or persistence, is not related to the amount of brain damage; nor is latency in onset? ,7 The single highest correlation with persistence is frequent attacks. 39 Evidence for the strength of the genetic factors is the similarity in overall incidence of epilepsy (following World War I, 32%; World War II, 34%; the Korean Campaign, 30%; and the Vietnam War, 33%), in spite of the rather profound advance in wound handling and overall patient care from 1914 to 1970. 7,9 Even more surprising is the comparability of data on epilepsy from the Vietnam injuries, 93% of which resulted from missiles, to data on epilepsy related to non-missile injuries in two sets of civilians with varying ages, reported by Jennett in 1975.14 Early seizures, within 7 days of injury, were similar in incidence for the 1030 cases from Vietnam and the Oxford series of 1000 relatively mild injuries (4.4% and 4.6%, respectively). Cumulative incidence for the first 5 years after injury, excluding the first 7 days, were similar for the Vietnam casualities and the Glasgow-Rotterdam series of 1005 depressed fractures plus 420 intracranial hematomas (27.9% and 28.6%, respectively) ( Table 4) . This startling finding suggests two things. 1) If care is exercised in approximating the "degree" of injury, the posttraumatic epilepsy findings from injuries incurred in combat and support activity may be compared with those incurred in civilian activity; and 2) the underlying constitutional tendency to epilepsy plays a more dominant role in the occurrence of seizures following trauma than had been previously recognized.
The nature of posttraumatic epilepsy 
Prevention of Epilepsy
Surgical Treatment of Trauma
The objective has been to prevent or minimize the meningocerebral cicatrix and other pathological changes that have been associated with the discharging lesion, by definitive debridement with meticulous removal of non-viable brain, leaving adequate pial vascularity to the adjacent intact gyri, and tight dural closure. Furthermore, effort has been directed toward preventing or minimizing the reaction to ventricular or dural sinus penetration; preventing or minimizing the complications of brain swelling, hemorrhage, or infection; and providing maximum support with adequate oxygenization, whole blood and nutritional fluid and electrolyte balance. These efforts, facilitated by rapid patient transport, were confidently expected to reduce the incidence of posttraumatic epilepsy. Unhappily, this has not taken place.
Prophylactic Anticonvulsants
A concerted prophylactic anticonvulsant regime was carried out for the first time in Vietnam. This program yielded no demonstrable benefit. The institution of the regime was regularly incorporated with the postoperative orders, 84% of the men receiving their anticonvulsants, intramuscularly if unconscious, within 24 hours of injury. No blood levels were determined, but the amount of medication, Dilantin (phenytoin sodium) 300 to 400 mg/day in 75%, accompanied by phenobarbital 96 mg/day in an additional 20%, was consistent with the best medical practice of 1967 to 1970. In 453 cases, the medical records indicated continuous medication through successive hospital admissions for periods ranging from 3 months to 9 years; 335 patients were thus monitored for at least 1 year. During that year, 113 of these men developed one or more seizures. In 524 cases, the medication was interrupted at varying periods after injury, and in 53 men no anticonvulsant medication was prescribed. The incidence of posttraumatic epilepsy in those with a continuous medical regime was somewhat greater than the incidence in those with an interrupted or no medical regime (Table  5) . It should be noted that a more exacting use of phenytoin in prophylaxis is being carried out now, in which there is early anticonvulsant loading to quickly achieve a prescribed blood level, and careful monitoring of subsequent blood levels? ~ The success of this effort will be of considerable interest. Suffice it to say that the lack of statistically significant reduction in incidence of epilepsy between those with continuous and interrupted medication, and the similarity in incidence from Vietnam to that from previous wars provide little support for the effectiveness of the prophylactic regime as practiced in Vietnam.
Conclusion
A far more rational management of posttraumatic epilepsy would be possible if individuals could be identified whose genetic predisposition is sufficiently strong that, when interacting with the environmental trauma, the threshold is crossed with the expression of clinical seizures. Susceptible individuals could then be given special consideration, such as prevention of their exposure to trauma, or, if they are exposed, extra effort could be made to provide prophylactic measures. At the very least, the accuracy in prognosis and planning for future care would be enhanced. To date, there is no way to do this. A long-range approach would be through the precise determination of familial incidence of seizures in a population, such as the Vietnam War veterans, in which the head-injured men with and without seizures are known. The first step would be an examination of the first and second degree relatives of subgroups such as those with a single attack in contrast to those with multiple seizures; those with seizures in the first week in contrast to those with seizures beyond 1 week; and those with intractable attacks in contrast to those with none but whose injury characteristics are comparable. In this way, there should be identified those patients (probands) with a high degree of the genetic traits as indicated by the familial incidence of seizures and those with a minimal degree of these traits. Representative members of these two groups could then be studied for biochemical markers that would be useful in recognizing the susceptibility to seizures on an individual basis. This is a long, hard road, but as of now, no shortcut is apparent.
